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In recent years, vulnerability against high-velocity impact loads has become an increasingly critical issue
in the design of composite aerospace structures. The effects of Hydrodynamic Ram (HRAM), a phenom-
enon that occurs when a high-energy object penetrates a fluid-filled container, are of particular concern
in the design of wing fuel tanks for aircraft because it has been identified as one of the important factors
in aircraft vulnerability. The projectile transfers its momentum and kinetic energy through the fluid to
the surrounding structure, increasing the risk of catastrophic failure and excessive structural damage.
For the present work, water-filled CFRP square tubes were subjected to an impact of steel spherical pro-
jectiles (12.5 mm diameter) at impact velocities of 600–900 m/s. The CFRP tubes were filled to different
volumes to examine how volume might influence the tank behavior. The composite test boxes were
instrumented with six strain gauges and two pressure transducers, and the formation process of the cav-
ity was recorded using a high-speed camera. The damage produced in the tubes was then analyzed, and
differences were found according to the testing conditions. This work presents the results of these tests.1. Introduction edge of a propeller blade may impact the nacelle of the twin engineAeronautic and aerospace industries are anticipating the design
of lightweight structures to diminish fuel consumption, while
maintaining the high safety and reliability that are required in
engineering fields. Composite laminates are candidates to fulfill
these requirements due to their high strength-to-weight and stiff-
ness-to-weight ratios and to the flexible tailoring of their proper-
ties in a required direction. The most used composite materials
for structural applications in these sectors are carbon fiber rein-
forced plastics (CFRP), commonly manufactured with an epoxy
matrix that combines good mechanical properties, high resistance
to corrosion and fatigue, and low density (q = 1500 kg/m3). CFRP
applications in commercial aircraft, such as the fuselage and wings,
have been steadily increasing [1] as rawmaterial costs are reduced,
automation of the manufacturing processes evolve and experience
in design technology increases. Due to the usage of these materials
in primary structures, it is necessary to understand how compos-
ites behave when they are subjected to different loads. During their
service life, aircrafts are subjected to different types of loads; how-
ever, vulnerability against high-velocity impact loads is becoming
an increasingly critical issue for the design of CFRP aerospace
structures in recent years. Bird strikes [2] and hailstones [3] are
examples of impact situations that are considered due to the high
probability of occurrence and disastrous consequences, particu-
larly when ingested by the engine. Also, the ice released from theente).or the fuselage, and runway debris may impact the underside of
the wing structures [4]. The study of the behavior of composite
laminates under high-velocity impact has received attention since
the 1970s, when only military research agencies were concerned
about this subject. In the 1980s, investigators from civil organiza-
tions began to publish articles in which the breakage mechanism of
such materials under ballistic impact was investigated primarily
from an experimental approach [5–7]. Later, both analytical [8–
13] and numerical [14–20] approaches were used to predict the
energy absorbed by the laminate and the damaged area after a pe-
netrating impact.
One of the most important factors in aircraft vulnerability is the
effect of the Hydrodynamic Ram (HRAM) phenomenon, which oc-
curs when a high-energy object penetrates the fuel tanks inside the
wings because these represent the largest exposed area of all the
vulnerable components. An example of the importance of this phe-
nomenon is the Concorde accident that occurred in 2000. The final
investigation report revealed that the HRAM had played a signifi-
cant role in the aircraft failure. Other types of projectiles that
may impact aircraft structures include small and medium caliber
bullets and fragments due to a blast, both of which cause HRAM ef-
fects when they impact the fuel tank of an airplane or a helicopter.
The aeroengine turbine blade may also fail due to fatigue and may
penetrate the wall of the containment cell, damaging oil tanks and
airframes [21]. HRAM is particularly dangerous for aircraft with
lightweight designs because the structural resistance of their inte-
gral fuel tanks cannot be improved by strengthening the airframe.
Strengthening the frame would counteract the requirements of a
lightweight design.1
Fig. 1. The phases of Hydrodynamic Ram.Hydrodynamic Ram consists of four principal stages: shock, drag,
cavitation and exit (Fig. 1). Each stage contributes to structural dam-
age through a different mechanism and to a different extent. When
the projectile penetrates thewall of the fluid filled structure, the im-
pact energy is transferred to the fluid and generates a high-pressure
hemispherical shock wave. This leads to damage primarily in the
vicinity of the impact position. During the drag phase, the projectile
travels through the fluid, and its kinetic energy is partially trans-
formed into fluidmotion as the projectile is slowed by viscous drag.
Thedisplacement of the fluid fromtheprojectile pathgenerates a ra-
dial pressure field. In contrast to the pressure field developed during
the shockphase, thefluid is acceleratedgradually rather than impul-
sively. This causes less intensepeakpressures, but theyareof greater
temporal extent. The displacement of fluid during the drag stage
forms a cavity behind the projectile. The subsequent expansion
and collapse (oscillations) of the cavity is known as the cavitation
stage. The oscillations of the cavity can cause significant pressure
pulses. The final stage of Hydrodynamic Ram occurs when the pro-
jectile exits the container. In contrast to the perforation of the front
wall, the exit of theprojectileoccurs throughapre-stressedwall. The
pre-stress is caused by the initial shock stage and the subsequent
loading by the fluid.
The military industry has always been interested in the protec-
tion of the fuel tanks. In the 1970s, various groups within the US
Defense Department expended a considerable research effort to
achieve a better understanding of the HRAM phenomenon and
the associated fluid–structure interaction problem. The Naval
Weapons Center (NWC, China Lake, California) conducted an inter-
esting Hydrodynamic Ram project, in which a series of ballistic
tests were performed to obtain fluid pressure measurements at
several locations for a variety of projectiles [22]. At the same time,
the Naval Postgraduate School (NPS) conducted an analytical and
experimental Hydrodynamic Ram program in conjunction with
the NWC project. Fluid pressures and entry-wall strains were mea-
sured for various projectile sizes and energy levels. The tests and
their results are reported in [23–33]. The University of Dayton Re-
search Institute also performed several impact experiments on fuel
tanks during the 1970s. Bless et al. [34] completed experiments
using spherical projectiles of 11.1 and 14.3 mm diameter with a
velocity range of 1.5–2.4 km/s and obtained data for the entrance
and side panel displacement, fluid pressure and the projectile tra-
jectory. In all the mentioned works, the fluid-filled container ex-
isted on a structure on which different metallic panels could be
placed and the top of the tank was always open.
One of the first public works in which composite fuel tanks
were studied corresponds to the Advisory Group for Aerospace Re-search and Development. Impact tests were conducted in 1988 to
study the influence of projectile shapes, fluids, and impact angles
on aluminum and carbon epoxy tanks [35]. The conclusions in-
cluded that the shape of the fragment may have a substantial effect
on the HRAM structural response of a fuel tank and that the stitch-
ing of stiffeners to the panels provided transverse reinforcement
and resistance to the propagation of the delamination damage. It
was also observed that the severe structural damage of the graph-
ite/epoxy exit panels was concentrated in the vicinity of the frag-
ment perforation sites, whereas the severe damage of the entry
panels was in the vicinity of both of the panel joints and the frag-
ment perforation sites.
In recent years, interest in the study of the HRAM phenomenon
has increased [36–41]; however, the number of papers concerned
with the impact response of CFRP fuel tanks is small. Nearly all
of the above experimental works employed tanks with a metallic
structure, which exhibits a ductile behavior compared to carbon fi-
ber composites. Furthermore, previous works were completed
with open containers, and the behavior could vary significantly
from that of a closed tank, as in the case of a fuel tank. Lastly,
the influence of different fluid volumes on the behavior of a CFRP
closed container should be studied to assess its importance.
In the present work, experiments were performed on water-
filled CFRP square tubes subjected to impact velocities of 600–
900 m/s by steel spherical projectiles (12.5 mm diameter). The
CFRP tubes were filled to different fluid volumes to study how
the volume influenced the tank behavior. The test boxes were
instrumented with six strain gauges and two pressure transducers.
The process of cavity formation was recorded with a high-speed
camera. This work presents the results and analysis of these tests.2. Experimental setup
Impact tests, in which a projectile penetrates into a fluid-filled
container, were performed. The schematic of the experimental de-
vices used in the tests is shown in Fig. 2.
2.1. Specimen assembly and instrumentation
The specimens impacted by the projectiles were square CFRP
tubes with the following dimensions: 150 mm wide, 2.2 mm thick,
and 750 mm long. The specimens were chosen as a representative
structural element of a type of fuel cell inside airplane wings to
analyze the HRAM effects. The specimens were closed with two
PMMA windows that were 30 mm thick and stiff enough to mini-
mize bending and to avoid image distortion because these trans-
parent panels allowed for the recording of the impact process.
The PMMA windows were fixed to the specimen using four steel
bars that assured contact between the tube and the PMMA. A sim-
ilar setup was proposed by Nishida et al. [42]. The contact points
between the PMMA windows and the specimen were sealed using
silicone to avoid fluid leakage, as shown in Fig. 3. The tubes were
filled with water to different volume fractions: 60%, 75%, and 100%.
The pressure on the fluid and the strain on the composite walls
were measured using two pressure transducers and six strain
gauges. The pressure pulse was recorded with a PCB 138A06 sensor
[43] with a measurement range of 34.4 MPa and a resolution of
0.07 kPa. Two holes were made in the lower wall of the specimen
to place both sensorswithin thewater. The positions of the pressure
gauges (PTn and PTf) are shown in Fig. 4, and a lateral view of the
gauges inside of the specimen is shown on the right side of Fig. 5.
The strain pulses were measured using uniaxial gauges (350X and
2.120 Gage factor) from Vishay Measurements Group Inc. Two
gaugeswere located on the entrywall, G1 andG2 (see Fig. 5 left), an-
other twowere located on the exitwall, G3 andG4, at the sameposi-2
Fig. 2. The schematic of the experimental setup.
Fig. 3. The closed test box.tion as the entry gauges, and finally two gauges, G5 and G6, were lo-
cated on the lower and upper wall, respectively, as shown in Fig. 4.
Using this setup, the impact influence on different tube zones was
found. A Dewetron DEWE-800 data-acquisition device was used to
record all of the signals. This system recorded at a sampling rate of
1 ls and synchronized the data with the video recording.
2.2. Gas gun and specimen chamber
The projectiles that impacted the CFRP specimens were acceler-
ated using a one-stage light gas gun that has a 4.7 l chamber capa-
ble of storing gas at a maximum pressure of 300 bar. The gas gun
was used with helium due to its low density. The length of the bar-rel was 4.5 m, and its caliber was 25 mm. The gun was aimed at an
armored steel specimen chamber box that was 1  1  1 m3 in
which the specimen was placed during the impact test. The dis-
tance between this chamber and the tip of the barrel was 3.0 m.
The chamber had a small circular window located in the front
through which the projectile passed to impact the specimen, and
two large lateral windows illuminated the specimen and captured
the video sequence of the impact (Fig. 2).
2.3. Projectile
The projectile used in the impact tests was a steel sphere with a
diameter of 12.5 mm and a mass of 8 g. Because the gas gun caliber
was larger than the projectile diameter, a sabot was required to
launch the projectile. Different sabots were designed and tested
to ensure a minimum weight and that the valves opened prior to
reaching the target chamber without influencing the impact tests.
Finally, a PVC sabot with two valves weighing 21 g was used at two
impact velocities: 600 and 900 m/s.
2.4. High speed camera and lighting system
A Photron Ultima APX-RS digital high-speed camera was used to
record the projectile penetration into the fluid and the development
of the cavity. Theselected frameratewas36,000 framesper second, a
frame was captured every 27.7 ls. The resolution was 384  160
pixels, and the shutter was set to 1 ls. These settings were selected
basedonearly testingandrepresentanoptimal tradeoffbetween the
available lighting and theminimization of blur in the images. Light-
ing was provided by an Arrisun 12 Plus lamp head with a 1200W
HydrargyrumMedium-arc Iodide (HMI) lamp.
3. Experimental results
3.1. Impact process
Figs. 6 and 7 correspond to two sequences recorded during
some of the impact tests and demonstrate how the projectile pen-
etrates the fluid, creating a cavity behind it as it travels through the3
Fig. 4. The schematic of the test box instrumented.
Fig. 5. Left: Detail of the strain gauges located in the entry wall of the specimen. Right: Lateral view of the pressure transducers inside the specimen.water. Because the penetration of the projectile into the fluid is
subsonic, spherical wave fronts propagating in the same direction
of the projectile and their rarefactions with the test box can be de-
tected in the pictures. In the partially filled cases, it can be seen
that the cavity raises the free surface of the fluid, and a layer of
fluid accelerates upwards (Fig. 7). This layer will impact the upper
wall of the box at high velocity causing failure, as will be shown la-
ter. Fig. 7 reveals the rarefaction wave that was formed at the free
surface of the fluid following the initial wave. As a result, the pres-
sure drops drastically in the fluid, and bubbles appear behind the
rarefaction wave.
In addition to showing the cavity evolution, the digital high-
speed camera provided a means to determine the velocity and
the position of the projectile inside of the fluid. These experimental
data is compared with analytical results (Fig. 8) that are obtained
from Newton’s second law:
mp
dVp
dt
¼ 1
2
qwA0CdV
2
p ð1Þ
where mp and Vp denote the projectile mass and velocity, qw is the
fluid density, A0 is the projected frontal area of the projectile and Cd
is a dimensionless drag coefficient. To correspond with the range of
velocities considered, a value of 0.4 for Cd was chosen [44].
The projectile position is well known by means of the video, and
it can be seen that its values correspond with the analytical curves.
The velocity values determined with the camera do not correspond
exactly with the velocity at each point because they are calculated
as an average between two frames. Therefore, there are differencesamong the experimental and analytical data. Nevertheless, the
same trends are noted. As a result of the decay in the velocity of
the projectile, the kinetic energy is progressively converted into
pressure and kinetic energy in the fluid, which will produce defor-
mation of the composite structure.
3.2. Pressure time history
As mentioned above, two pressure gauges were used to record
the time history of the HRAM pressure wave as it propagated
through the fluid. One of the pressure gauges (PTn) was located
near the impact point at 30 mm from the wall and 75 mm from
the shot line, while the other (PTf) was in the middle of the tube
at 150 mm from the projectile trajectory and measured the pres-
sure in a point far from the impact zone (Fig. 4). The pressure time
histories depicted in Fig. 9 represent the typical curves found for
pressure measurements at PTn and PTf at different impact veloci-
ties and volume percentages. The pressure in PTn begins to in-
crease approximately 60 ls after the impact, while PTf begins to
measure at approximately 120 ls. These data correspond with
the times calculated according to the position of the pressure
transducers and the wave speed in water. As shown in these
curves, the pressure time history changes as a function of the loca-
tion of the pressure gauge and the velocity of the projectile. The
maximum pressure is highly sensitive to the projectile velocity,
with the peak pressure at 900 m/s double that reached at 600 m/
s. Consequently, it is expected that velocity will strongly affect
the damage and failure of the CFRP tube. The influence of the
sensor position in the pressure data is justified by the fact that4
Fig. 6. The sequence of the projectile penetration into a tube filled to 100%. The velocity was equal to 600 m/s. The images were captured at 26 ls, 81.4 ls, 164.5 ls, 219.9 ls,
275.3 ls, 413.8 ls, 552.3 ls, 663.1 ls, 857 ls. Time t = 0 corresponds to initial contact.
Fig. 7. The sequence of the projectile penetration into a tube filled to 60%. Velocity was equal to 900 m/s. The images were captured at 15 ls, 42.7 ls, 70.4 ls, 98.1 ls,
125.8 ls, 153.5 ls, 181.2 ls, 236.6 ls, 264.3 ls. Time t = 0 corresponds to initial contact.the energy of a spherical pressure wave decreases with the square
of the distance from the source.Regarding the filling percentage, the main difference observed
is the duration of the pressure pulse, which decreases as the fluid5
Fig. 8. (a) Comparison of the position of the projectile vs. time. (b) Comparison of the velocity decay vs. time.level falls (Fig. 9). This is due to the effect of the rarefaction wave
formed at the free surface [40].
3.3. Strain time history
Once the projectile impacted the fluid-filled tank and the pres-
sure waves passed through the fluid, the cavity begins to grow due
to the advance of the projectile, which moves the fluid out its path.
This increase in the inner volume forces the tube to deform causing
its failure. The rate of growth of the cavity depends largely on the
impact velocity; the acceleration of the fluid particles towards the
walls of the tube increases with the velocity of the projectile [40].
The kinetic energy of the fluid is transferred to the walls, deform-
ing and damaging them. Therefore, the impact velocity may influ-
ence the damage and failure of the tube. In contrast, an incomplete
filling of the tube allows the fluid to expand through the unfilled
volume. Therefore, it could be concluded that a lower filling per-
centage will lead to less damage of the tube. However, it will be
shown that this is not always true.As previously mentioned, two strain gauges were located on the
impact wall, G1 and G2 (Fig. 4). The exit wall was instrumented
with two strain gauges, G3 and G4, located in the same positions
as G1 and G2 with respect to the projectile trajectory. Finally,
two strain gauges, G5 and G6, registered strains in the middle of
the lower and upper wall of the specimen, respectively (Fig. 4).
Fig. 10 depicts the strain data at gauge G1, the closest gauge to
the impact site, for the various tests performed. It must be men-
tioned that the positive sign associated with the strain data indi-
cates that the wall is displaced outwards. It is observed that
some signals are no longer valid shortly after the initial contact.
This is most likely due to the violent shake of the tube caused by
the impact and to the peeling of the outer plies that may induce
the debonding of the gauges. Although Fig. 10 does not show a
clear trend, it can be seen that in a completely fluid-filled tube,
the maximum strain and hence, the breakage, are reached later
when the impact is at lower velocity.
Fig. 11 shows data from G3, the closest gauge to the impact
point in the exit wall, for the different tests performed. The signals6
Fig. 9. (a) The pressure time history in a tube 100% filled and impacted at 900 and 600 m/s. (b) The pressure time history in a tube 60% filled and impacted at 900 and 600 m/s.
Fig. 10. The strain time history in G1 (entry wall) for various testing conditions.that correspond to impacts at 900 m/s are no longer valid at
approximately 0.3 ms. At approximately 0.25 ms, the projectile
impacts and perforates the exit wall creating a hole. Because the
wall is loaded by the pressure in the fluid, this hole triggers a crossshaped breakage that affects the strain gauges (Fig. 12). Regarding
the impact at 600 m/s, although the signals seem to be valid for a
longer time, different behavior exists between the 60% filled case
and the cases of 100% and 75% filled. This is due to the longitudinal7
Fig. 11. The strain time history from G3 (exit wall) for different testing conditions.
Fig. 12. The detail of the exit wall breakage for different testing conditions.crack of the cross-shaped breakage generated by the impact
spreading below the gauges (without breaking them) in the 100%
and 75% filled cases, causing the strain signal diminish quickly
(Fig. 12b and d). However, the longitudinal crack does not reach
the gauge in the 60% case (Fig. 12f). Fig. 13 depicts the data from
G3 over a smaller time interval. The exit wall is partiallypre-stressed before the projectile impacts it, which occurs at
t = 0.25 ms with V = 900 m/s and at t = 0.4 ms with V = 600 m/s,
due to the pressure wave generated by the HRAM. It seems that
the strains are primarily influenced by the impact velocity and
then by the filling percentage; therefore, a high-impact velocity
produces a premature failure of the gauge. For a given impact8
Fig. 13. Detail of the strain time history in G3 (exit wall) for various testing conditions.
Fig. 14. Strain time history in G2 (entry wall) for various testing conditions.
Fig. 15. Strain time history in G4 (exit wall) for various testing conditions.velocity, the strain signals near the impact point are delayed when
the tube contained less fluid because the pressure waves affects a
smaller wall area and the fluid can freely move upwards.The strain-time history far from the impact point in the entry
and exit walls (G2 and G4) is depicted in Figs. 14 and 15, respec-
tively. The data on the entry wall seem to be grouped together9
Fig. 16. The strain time history in G5 (lower wall) for various testing conditions.
Fig. 17. The strain time history in G6 (upper wall) for various testing conditions.by the filling percentage because the strains corresponding to the
completely filled tubes (impacted at 900 m/s and 600 m/s) are
higher than those at 75% and 60% filled. Therefore, if far enough
from the impact area, the strains measured are larger for a com-
pletely filled tank than for a partially filled one, although the latter
were impacted at a higher velocity than the former. This was also
observed in the aluminum tubes [40]. It is worth mentioning that
due to the cross shaped breakage produced in the exit wall, some
of the strain gauges (G4) were affected by the longitudinal crack
(Fig. 12); therefore, the trend observed in the exit wall is not as
clear.
The strain-time history for the middle of the lower wall and di-
rectly below the trajectory of the projectile (G5) is shown in Fig. 16.
The strain values are primarily influenced by the velocity because
the higher strains are grouped together by velocity. When the
tubes are impacted at a lower velocity, the maximum strain is
reached at a later time.
Finally, Fig. 17 depicts the strain data for the middle of the
upper wall (G6). The signals do not show a clear trend for how
the various testing conditions affect the upper wall behavior. The
strain oscillations, primarily in the partially filled tubes, could be
explained by the lack of contact between the upper wall and the
fluid; therefore, the structural vibrations are also measured by
the gauge.3.4. Failure of the tanks
The filling percentage and the impact velocity influence the fail-
ure of the tanks. When the tubes are impacted at lower velocities
(V = 600 m/s) with different filling percentages, the main failure
is located in the exit wall (Fig. 18). The projectile impacts the exit
wall, and then the fluid transmits its kinetic energy deforming the
wall and spreading the cracks. The cracks are longer when the tube
has a higher filling percentage. Therefore, impacts at lower veloci-
ties are found to be more dangerous when the tank is completely
filled. This could happen when a plane takes off.
When the tube is impacted at higher velocities (V = 900 m/s), in
addition to the exit wall failure, the upper wall also fails if the tube
is not completely filled (Fig. 19). The damage of the exit wall is
larger when the impact occurs at high velocity and diminishes with
the filling percentage, as occurs in the tubes impacted at
V = 600 m/s. The failure of the upper wall does not appear when
the tube is completely filled or the impact velocity is lower (Figs. 18
and 19a). Although it could be concluded that a lower filling
percentage would allow the expansion of the fluid through the
unfilled volume and thus, less damage to the tube, it is necessary
to consider the acceleration of the layer of fluid raised by the cavity
that impacts the upper wall causing failure (Fig. 19b and c). There-
fore, an impact at high velocity in a partially filled tank could be10
Fig. 18. Tubes impacted at V = 600 m/s and different filling percentages: (a) 100%.
(b) 75%. (c) 60%.
Fig. 19. Tubes impacted at V = 900 m/s and different filling percentages: (a) 100%.
(b) 75%. (c) 60%.
Fig. 20. Cracks in the lower wall border of tubes impacted at V = 900 m/s: (a) 100%.
(b) 75%.even more dangerous than an impact in a completely filled tank.
When the tanks are completely filled and impacted at high veloc-
ity, a breakage in the lower wall edge appears (Fig. 20). The crack in
the completely filled tubes is larger than in the partially filled
tubes. The presence of a long crack in the border produces a smal-
ler bulging of the lower wall, which would explain the smallerstrain value measure at G5 for the completely filled tubes impacted
at V = 900 m/s compared to the partially filled cases (Fig. 16).
4. Conclusions
CFRP square tubes filled with different levels of fluid were im-
pacted by spherical steel projectiles at different velocities. A com-
plete instrumentation of the specimens with pressure sensors and
strain gauges and a recording of the penetration process of the pro-
jectile into the fluid allowed for the analysis of the HRAM phenom-
enon and the influence of the impact velocity and the filling
percentage on the behavior of the tube, which led to the following
conclusions:
 The presence of fluid inside the CFRP tube has a noticeable
effect on the deformation and failure process after undergoing
the impact of a high-velocity projectile because the fluid trans-
mits the kinetic energy lost by the projectile when traveling
through the fluid.
 When the tubes are partially filled, the wall, which initially is
not in contact with the fluid, is deformed due to the impact of
a layer of fluid generated by the cavity created behind the pro-
jectile. The deformation and failure of that wall depends not
only on the projectile velocity but also on the kinetic energy
of the layer of fluid. Consequently, the mass of the layer impact-
ing the wall should be taken into account.
 The impact velocity and the filling percentage influence the
deformation of the walls differently. The filling percentage
affects the areas far from the impact, whereas the velocity
seems to play an important role in points near the impact.
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